Lightning and thundercloud are the most dramatic natural particle accelerators on the Earth 1 .
gamma-ray flashes (TGFs) from space [13] [14] [15] . The energy of the gamma rays is sufficiently high to potentially invoke atmospheric photonuclear reactions 14 N (γ, n) 13 N 12, [16] [17] [18] [19] , which would produce neutrons and eventually positrons via beta-plus decay of generated unstable radioactive isotopes, especially 13 N. However, no clear observational evidence for the reaction has been reported to date [20] [21] [22] . Here we report the first detection of neutron and positron signals from lightning with a ground observation. During a thunderstorm on 6 February 2017 in Japan, a TGF-like intense flash (< 1 ms) was detected at our monitoring sites 0.5-1.7 km away from the lightning. The subsequent initial burst quickly subsided with an exponential decay constant of 40-60 ms, followed by a prolonged line emission at ∼ 0.511 megaelectronvolt (MeV), lasting for a minute. The observed decay timescale and spectral cutoff at ∼ 10 MeV of the initial emission are well explained with de-excitation gamma rays from the nuclei excited by neutron capture. The centre energy of the prolonged line emission corresponds to the electron-positron annihilation, and hence is the conclusive indication of positrons produced after the lightning. Our detection of neutrons and positrons is unequivocal evidence that natural lightning triggers photonuclear reactions. No other natural event on the Earth is known to trigger photonuclear reactions. This discovery places lightning as only the second known natural channel on the Earth after the atmospheric cosmic-ray interaction, of the initial radiation flash.
After the initial surge of signals and after the nominal operation status of the amplifier had been restored (see Methods "Initial flash"), all the detectors recorded a sub-second decaying radiation (Fig. 1b-d ). The time profile is fitted satisfactorily by an exponential form with a decay constant of 40-60 ms. The recorded event rates with the detectors A-C above 3 MeV during the sub-second radiation are 2-3 orders of magnitude higher than the environmental background. The spectra show a power-law shape with a photon index Γ ∼ 0.5 below a sharp cutoff at 7-10 MeV (Fig. 2) . These time profile and spectral shape suggest that the origin is different from the bremsstrahlung gamma rays in thundercloud electric fields reported in the past 7, 25 , which showed Gaussian-like time profiles lasting for a minute and had an energy spectrum with a steeper slope Γ ∼ 1-2 and less sharp cutoff at around 20 MeV.
Following the sub-second radiation, the 0.35-0.60 MeV count rates with the detectors A and D (Fig. 3a, b) increased for up to a minute. Fig. 4 shows the energy spectra during the period of the enhancement. The most striking feature in the spectra is a prominent emission line at ∼ 0.51 MeV, which is in very good agreement with the energy of 0.511 MeV for electron-positron annihilation. The centre energies of the Gaussian line profiles were determined to be 0.515 ± 0.006 (stat.) ± 0.006 (sys.) MeV and 0.501 ± 0.003 (stat.) ± 0.006 (sys.) MeV for the detectors A and D, respectively (see Methods "In-strumental calibration"). The hypothesis that the line originates from the background is thus rejected, of which the line centre energies should be either 0.583 MeV ( 208 Tl) or 0.609 MeV ( 214 Bi). The continuum is well explained by the combination of photo-absorption and Compton scattering of ∼ 0.51 MeV photons, and supports the interpretation of the annihilation line from positrons (Fig.3) .
The time profile of the annihilation signal (Fig. 3) showed an exponentially decaying component with time constants of 4-10 s in both the detectors. A following delayed component was also detected albeit only in the detector A, of which the profile is fitted by a Gaussian with a peak at t peak = 34.5 ± 1.0 s and a width of 13.2 ± 1.0 s (1σ).
What produced these positrons and how? A potential scenario is that electron-positron pairs are produced by high-energy gamma rays in the electron acceleration process 2, 3 . However, the lack of detection of high-energy seed gamma rays (> 3 MeV, Fig. 3a , b) rejects the scenario. In addition, the environmental electric field measured on the ground was upwards during the annihilation signal (below ∼ −3 kV m −1 ), and hence positrons should not be accumulated towards the ground, and the annihilation line should not have been enhanced. Consequently, the most natural interpretation of the present data is the photonuclear reactions [16] [17] [18] [19] ; i.e., a burst (or flash) of the lightning-triggered gamma-ray photons, which caused the initial instrumental undershoot, collided with atmospheric nuclei and initiated nuclear reactions. The atmospheric photonuclear reactions 14 N (γ, n) 13 N and 16 O (γ, n) 15 O generate fast neutrons with a kinetic energy of E 0 ∼ 10 MeV and unstable radioactive isotopes, which generate positrons in beta-plus decays.
Produced fast neutrons undergo moderation and diffusion down to the epithermal energy (∼ eV) via multiple elastic scatterings with atmospheric molecules, particularly nitrogen (see Methods "Neutron propagation"). During this process, 96% of neutrons disappear via charged-particle productions 14 N (n, p) 14 C, producing quasi-stable carbon isotopes 14 C (a half life of 5,730 years) without emitting any strong gamma rays, while the other 4% are radiatively captured by atmospheric nitrogen or matters on the ground, including those around detectors. The nuclei that captured a neutron promptly emit multiple de-excitation gamma-ray lines, e.g., 14 N (n, γ) 15 N. The theoretical capture rate exponentially decays with a timescale of 56 ms, which is consistent with the decay constants of 40-60 ms observed in the sub-second radiation. The simulated de-excitation gamma-ray spectra for our detectors, in which the atmosphere, surrounding materials, and detector energy resolution are taken into account, are also found to be consistent with the observed data (Fig. 2) . Notably the sharp cutoff at ∼ 10 MeV is explained to be caused by the lack of nuclear lines above this energy (see Methods "Neutron capture").
The other major products 13 "cloud", filled with these isotopes emits positrons for more than 10 minutes and moves by wind above our detectors without experiencing much diffusion due to a low mobility of the isotopes. A positron emitted from 13 N or 15 O travels in the atmosphere for roughly a few metres, quickly annihilates in meeting an ambient electron, and radiates two 0.511 MeV photons, whose atmospheric mean free path is ∼ 89 m. The epoch t peak detected at the detector A is consistent with the wind velocity and direction at the day (see Fig. 1 and Methods "Ambient wind flow"). The decaying phase (t < 10 s, Fig. 3 ) observed with the detectors A and D is interpreted as a consequence of beta-plus decay of unstable radioisotopes, which were produced around the detectors by the photonuclear reactions at the initial radiation flash (e.g., 27 Si in the ground with a half life of 4.15 s).
Here we estimate the densities of positrons and neutrons generated by the lightning with a help of Monte Carlo simulations, on the basis of the photonuclear reactions and subsequent physical processes. We find with our simulations that the obtained annihilation spectrum is well explained by the cloud located ∼ 80 m away from the detector (see Methods "Positrons and annihilation"). Since the number of the delayed 0.511 MeV photons obtained by the detector A is N 511 = (1.4 ± 0.2) × 10 3 during the period ∆t = 52 s for 11 < t < 63 s, the corresponding time-integrated beta-plus-decay density for the period is estimated to be n β+ = 3.1 × 10 −3 cm −3 , assuming a simplified cylindrical volume V for the cloud with a horizontal radius R d = 220 m (see Methods "Ambient wind flow") and fiducial vertical discharge length 23, 28, 29 . Using the number densities n 13N and n 15O with decay constants λ 13N and λ 15O of 13 N and 15 O, respectively, the beta-plus decay rate is given by S β+ (t) = λ 13N n 13N (t) + λ 15O n 15O (t). In our estimation (see Methods "Contribution from oxygen"), positrons emitted by 15 O amounts 44% of those by 13 N at t peak = 35 s. Combining them with the relation S β+ ∆t = n β+ , we derive n 13N = 1.6 × 10 −2 cm −3
at t peak , and the initial number density of isotopes of n 0 = n 13N (0) + n 15O (0) = 2.6 × 10
Consequently, the total number of the produced neutrons is
which is within the theoretically predicted range of N n = 10 11−15 from the TGF studies 17, 19 .
Since the discovery of TGFs with an energy of as high as 20-30 MeV or more, the potential nuclear reactions in lightning have been hotly discussed 12, [16] [17] [18] [19] , but have never been observationally confirmed before. We have presented the first unequivocal observational evidence for nuclear reactions triggered by lightning. In fact, we have once detected a similar event before; however, the result was marginal at best due to limited observational information available at that time 26 originating from the stellar nucleosynthesis 30 , and semi-stable 14 C produced via atmospheric interactions 5 with cosmic rays. Our discovery adds nuclear reactions in lightning as another origin for them.
Methods
GROWTH collaboration. The Gamma-Ray Observation of Winter Thunderclouds (GROWTH) project is a collaboration to study the high-energy radiation from lightning and thunderstorms, starting in 2006 7, 25 .
The site of our experiment, Kashiwazaki-Kariwa nuclear power station, is located at (37.4267
• N, 138.6014 Lightning discharges. On 6 February 2017, the Japan lightning-detection network, operated by Franklin Japan Co. Ltd, recorded a negative discharge, in which the positive ground charge and negative one in the cloud cancelled each other, at 08:34:06.002716165 UTC at (37.432
• N, 138.590
• E) with a peak current of −33 kA. The subsequent positive discharge occurred 23.7 µs later at (37.428
• N, 138.588
• E) with a +44 kA peak current.
An associated electromagnetic signal was confirmed in the frequency range of 1-100 Hz (ELF range) at the Kuju station (33.059 • N, 131.233
• E) in Japan, which is located ∼ 830 km southwest from the position of the lightning (Fig. 5 ). This ELF observation supports that the two bipolar cloud-to-ground discharges occurred simultaneously with this event.
Initial flash. All our detectors A-D detected a very strong bursting event almost coincidentally with the lightning (Fig. 1 ). The detectors A-C digitise the waveform of an analogue pulse of the PMT output for 20 µs once the pulse height exceeds the trigger threshold, and record the highest and the lowest values. The former is used to measure the energy of the pulse signal, while the latter can be used to monitor the analogue baseline voltage. In contrast, the detector D has a different analogue circuit from the others and does not provide direct information of the baseline voltage, which is crucial in this case as discussed below. For that reason, we exclude the data with the detector D for the initial 1 second of the event in our analysis.
At the initial stage of the recorded event, we noticed that their baseline voltages were significantly negative. The level of the baseline gradually settled down to the nominal value in 20-40 ms (Fig. 6 ). This is abnormal, and can not be some technical glitch in the system, given that the detectors are completely separate, located hundreds of metres apart from one another.
The most plausible interpretation is that the detectors received an extremely strong signal with the intensity beyond the maximum that they are able to measure, lasting for much shorter than 1 ms, and then caused the peculiar analogue undershoot lasting for ∼ 10 ms. At laboratory we made followup experiments using the detectors A-C to simulate what these detectors should have experienced at the lightning; we applied a bias voltage of 1100 V which is higher than the one set during the field observation (∼ 900 V) to raise the PMT gain by a factor of ∼ 5. In this configuration, a cosmic-ray muon-penetration signals equivalent to 30-50 MeV energy deposit is amplified to 150-250 MeV gamma-ray-equivalent charge-output. We observed the "peculiar" undershoot with an intensity up to −1000 ADC channel and a recovery time constant (∼ 1 ms), both of which are very similar to what were observed in the lightning event by the detectors B and C. This result confirms the interpretation; there must have been, though not directly measured with our detectors, an initial strong radiation flash at the lightning. In fact, the detector A detected ∼ 10 events with energies above 10 MeV at the very beginning (< 2 ms) of the flash, before the onset of the undershoot. The detection further reinforces this interpretation.
In the detector A, the undershoot lasted longer than in the other two. The level of the undershoot at t = 40 ms is equivalent to an energy shift of ∼ −0.5 MeV, which changes the energy scale by > 50% below 1 MeV, but only by ∼ 5% at 10 MeV. To minimise the effect of this energy-scale shift, we extracted and plotted spectra of the sub-second decaying radiation above 1 MeV in Fig. 2 .
Radiation monitors. Radiation monitors are installed in the site at ∼ 300-400 m intervals ( Fig. 1) and are operated at all times. Each radiation monitor has a spherical ion chamber (IC) filled with ∼ 14 L argon gas, and covers an energy range above 3 MeV with a coarse time resolution of 30 s.
Instrumental calibration. Energy calibrations are performed by a linear fitting of the persistent environmental background emission-lines (e.g., Fig. 2 ) of 40 K (1.461 MeV) and 208 Tl (2.615 MeV). We perform this calibration procedure for the detectors A-C every 30 min in order to correct the sensitive temperature dependency of light yields of the BGO scintillation crystals (∼ 1% per degree Celsius), whereas we do it daily for the NaI of the detector D. We evaluate the uncertainty of this energy calibration, using another background emission line of The information of the absolute timing of individual photons is usually assigned from the data of the Global Positioning System (GPS) signals with a time resolution of 2 µs, which is the typical time scale of signal waveforms in the detectors A-C. However, the GPS signals were lost during the event 7 on 6 February. Hence, the time tags were assigned, referring to the internal clock time (Unix time) of our detectors, instead. We verified the absolute timing uncertainties within 1 s for the three detectors A-C, comparing the rising epochs of the initial flash measured with these detectors. The detector D has a 100 µs time resolution, and the absolute time is calibrated within 100 µs, using the successfully received GPS signals during the event.
Neutron propagation. The physical processes that follow the photonuclear reactions are schematically illustrated in Fig. 7 Fig. 8a , has three main processes: elastic scattering, charged-particle production 14 N (n, p) 14 C, and radiative neutron capture 14 N (n, γ) 15 N. Incident fast neutrons gradually lose their kinetic energy via multiple elastic scatterings, whose microscopic cross-section is almost independent of energy σ es ∼ 10 barns 32, 33 for 0.01-10 4 eV, and is much larger than that of the other two processes. As neutrons are moderated and diffused to the epithermal energy (∼ 0.1-100 eV), the cross sections of charged-particle production and neutron capture gradually increase, and neutrons disappear.
The neutron moderation is in a similar situation to some nuclear engineering 34 . Let lethargy ξ be the logarithm of the inverse ratio of the change of neutron kinetic energy in a single elastic scattering, from E n to E n+1 , where E n is the energy after n scatterings. It is approximated as ξ = ln (E n /E n+1 ) ∼ 2/(A + 2/3) = 0.136, where A = 14 is the nitrogen mass number. Since the energy deposit in a single scattering is ∆E = E n − E n+1 = (1 − e −ξ )E n = 0.127E n , the neutron energy decreases from the initial energy E 0 as E n = 0.873 n E 0 . At each scattering, a mean free path λ is almost independent of the neutron energy 34 , λ = 23.8 m σ es 10 barns
where ρ is the atmospheric nitrogen density. Therefore, the duration between the two contiguous scatterings is ∆t n = λ m n /2E n , where m n is the neutron rest mass energy (m n = 940 MeV). The elapsed time until the n-th scattering is t n = n ∆t n . The number of the neutrons N n after the n-th scattering decreases with a loss in the mean free path λ of ∆N n = N n {1 − exp [−(σ np + σ cap )/σ es ]}, where σ np and σ cap are the cross sections of charged-particle production and neutron capture, respectively. Numerically solving for E n , t n , and ∆N n with n ( Fig. 8b) , the number of the surviving neutrons at t for 5-200 ms is approximately N (t) = N (0) exp(−t/τ n ) with the decay constant of τ n = 56 ms. Therefore, the neutron disappearing rate via capture is
The theoretically-calculated (τ n ∼ 56 ms) and observed (40-60 ms) decay constants are found to be consistent with each other. In addition, assuming isotropic random-walk scatterings, the diffusion distance σ d is estimated to be
It is in the same order as the distance between our detectors and the lightning discharges.
Neutron capture. Moderated neutrons are captured by nuclei in the atmosphere, surrounding materials, or detectors. Then the nucleus promptly radiates several gamma-ray photons at discrete energies below ∼ 10 MeV within nanoseconds. We simulated the expected gamma-ray spectra with Geant4 Monte Carlo simulations. We implemented the BGO scintillation crystals, aluminium plates of supporting jigs, a detector box made of Acrylonitrile Butadiene Styrene (ABS) resin and polycarbonate, and lead blocks below them. The detectors were placed on a 1-m thick flat concrete ground, which imitates the building, and in the atmosphere with a uniform density of 1. Nuclear Structure Data File (ENSDF) database (http://www.nndc.bnl.gov/ensdf/). We compared the observed spectra of the detectors A-C with the simulated ones (Fig. 9) , and found that the cylindrical source geometry with a horizontal radius of R d = 220 m and a vertical length of L d = 1 km can reproduce the spectrum with the detector A. In contrast, a source ∼ 300 m away from the detectors consisting solely of the nitrogen contribution was found to roughly reproduce the spectra with the detectors B and C. These results indicate that neutrons hit matters surrounding the detector A, while only de-excitation gamma rays from the atmospheric nitrogen reached the detectors B and C.
Ambient wind flow. The ambient wind flow at an altitude of 85 m was northwesterly ( Fig. 1 ) with a velocity of v w = 17 m s −1 , and was constant within ±1 m s −1 during the event, according to a weather monitor near the detector D, operated by the nuclear power station. The wind information was also confirmed with the weather radar images from Japan Meteorological Agency ( Fig. 5b-d) . The time profile of the delayed annihilation signal (Fig. 3c ) is approximated by a Gaussian with a peak time of t peak = 34.5 ± 1.0 s and a duration of σ t = 13.2 ± 1.0 s (1σ). The drifting distance of the positronemitting cloud during the period of 0-t peak is then calculated to be v w t peak ∼ 590 m. It is comparable with the separation between the detector A and the place of the discharges. The wind direction is also consistent with our interpretation. A typical horizontal size (radius) of the cloud is estimated from the duration to be
Positrons and annihilation. We here examine positron emission from radioactive isotopes and 0.511 MeV annihilation line-emission. Positrons are isotropically emitted with continuous energy spectra following the beta-plus formula with maximum kinetic energies of 1. In order to examine the expected spectrum from annihilation processes, we performed Geant4 Monte Carlo simulations using the similar setup of de-excitation gamma-ray simulations. We assumed a cylindrical positron-emitting cloud with various distances to its base. Positrons were generated isotropically and uniformly inside the source volume, with a continuum energy distribution of the beta-plus decay, taking into account the proportion of the contributions from 13 N and 15 O. Fig. 10 shows the resultant simulated spectra. We then compared this simulation with the observed delayed annihilation signal (Fig. 4) , and found that the model with the cloud-base distance of 80 m reproduce the observed data best. Using this distance, we calculated the conversion factor of the number of beta-plus decays in a unit volume to the detected annihilation photons at the 0.511 MeV line to be N 511 /n β+ = 4. Contribution from oxygen. The two dominant targets of the photonuclear reactions in the atmosphere are 14 N and 16 O. Here we assume the incident gamma-ray spectrum to have the same shape as that in the past reported TGFs, which is N (E) ∝ E −Γ exp(−E/E c ) for the photon energy E, photon index Γ = 1.4, and cutoff energy E c = 6.6 MeV 15 . Then, the event-number ratio η prod of the photonuclear reactions with 16 O to that with 14 N is estimated to be η prod = 10.4%, when integrated for the energies of seed gamma rays up to ∼ 28 MeV, using the atmospheric abundances of nitrogen (78.08%) and oxygen (20.94%), and the experimental cross sections (e.g., ∼ 15 mb and ∼ 10 mb for 14 N and 16 O at ∼ 23 MeV, respectively 32 ).
The event rates per unit time of the subsequent beta-plus decays also differ, due to a difference of the decay constants between the two isotopes; the half-lives of 597.9 and 122.2 sec for 13 N and 15 O correspond with the decay constants of λ 13N = 1.16 × 10 −3 s −1 and λ 15O = 5.67 × 10 −3 s −1 , respectively. These give the decay rates to be dN 13N (t)/dt = λ 13N exp(−λ 13N t) and dN 15O (t)/dt = λ 15O exp(−λ 15O t) for 13 N and 15 O, respectively. Therefore, the ratio of the contribution of the annihilation signal of the positrons from 15 O to that from 13 N is
It yields ∼ 44% at t peak = 35 s.
Comparison with the similar event. An event associated with 0.511 MeV emission, similar to the event reported in this paper, was once detected previously at the same site on 13 January, 2012, after a pair of positive and negative discharges 26 . At the time of the event, only the detector D was operated. The data acquisition was heavily hampered by the analogue undershoot for ∼ 200 ms, thus studying the sub-second radiation with de-excitation spectra was impossible. In addition, since the electric-field monitor was not working at that time, we were unable to eliminate the pair production scenario entirely. In contrast, in the event reported in this paper, we measured the environmental electric-field at the place of the detector D, using a commercial electric field mill BOLTEK EFM-100, and found it to be negative during the delayed (annihilation) phase, which implies that electrons moved to the ground away from negatively charged clouds, and thus generating the 0.511 MeV line without emitting 10-20 MeV bremsstrahlung photons is impossible.
35. Prantzos, N. et al. The 511 kev emission from positron annihilation in the galaxy. De-excitation gamma-ray spectra of the sub-second decaying radiation. Backgroundsubtracted radiation spectra of the detectors (red crosses) A and (blue) C, compared with the simulated de-excitation gamma-ray spectra (solid lines). The events are accumulated over 40 < t < 100 ms and 20 < t < 200 ms, respectively. The background spectrum is also plotted for comparison, extracted from −10 < t < −130 s and 90 < t < 210 s. The read-out dead time is corrected for the detector A, whereas the instrumental response is inclusive. The error bars are in ±1σ. 
